Objective Although higher resting heart rate (RHR) has emerged as a predictor for lifespan, the underlying mechanisms remain obscure. The present study investigates whether a positive relationship exists between RHR and metabolic syndrome (MetS) and whether RHR predicts future MetS. Methods A cohort of 89 860 participants were surveyed during 2006-2007 in Kailuan/Tangshan, China. MetS was diagnosed when a participant presented at least three of the following: abdominal adiposity, low high density lipoprotein-cholesterol, high triglycerides, hypertension or impaired fasting glucose. RHR was derived from ECG recordings and subjects were stratified based on RHR. Some participants without MetS at baseline were followed-up for 4 years. Results At baseline, 23 150 participants (25.76%) had MetS. There was a positive association between RHR and MetS. The OR of having MetS was 1.49 (95% CI 1.32 to 1.69) in subjects with RHR at 95-104 compared with those at 55-64 beats per minute (bpm) (reference), after adjusting for variables including age, sex, education, cigarette smoking, alcohol drinking, physical activities, body mass index, hypertension, diabetes, hyperlipidaemia, inflammatory biomarkers and renal function. More importantly, when 43 725 individuals from the original study without MetS at baseline were followed-up, higher RHR was found to predict greater risk of MetS incidence. The OR of developing MetS 4 years later was 1.41 (95% CI 1.21 to 1.65) in subjects with RHR at 95-104 bpm compared with reference, after all adjustments. Conclusions Our cross-sectional and longitudinal findings provide evidence that RHR is an independent risk factor for existing MetS and a powerful predictor for future incidence of MetS.
INTRODUCTION
Resting heart rate (RHR) has recently emerged as a new risk factor that is strongly correlated with lifespan inversely in homoeothermic mammals, especially humans. [1] [2] [3] Several previous investigations have shown that subjects with higher RHR had increased risk of both cardiovascular and all-cause mortality when compared with those with lower RHR in the same cohort. [4] [5] [6] [7] Despite this association, a mechanistic explanation linking higher RHR with increased mortality remains enigmatic.
Metabolic syndrome (MetS) constitutes a cluster of cardiovascular and metabolic risk factors, causing accelerated development of diabetes mellitus, cardiovascular disease, kidney disease and stroke. 8 According to the National Health and Nutrition Examination Survey 2003-2006, the prevalence of MetS was approximately 34% in the US adult population. 9 While the conventional risk factors for developing MetS include overweight/obesity, physical inactivity and family history, identification of other independent risk factors or predictive variables may help in further understanding its pathogenic mechanism and elucidating novel targets for its prevention and treatment.
Given the importance of both higher RHR and MetS in cardiovascular and metabolic abnormalities, in the present study we tested two hypotheses: first, whether a positive relationship exists between RHR and MetS; second, whether RHR is a predictor of future development of MetS. To this end, a large vocational population was surveyed cross-sectionally and followed-up longitudinally for 4 years.
METHODS
The study was a cohort consisting of the employees of Kailuan Coal Group in Tangshan, China. These coal mine workers (including retirees) received routine health examinations at 11 local hospitals as detailed in previous publications. 10 11 In the baseline study to determine whether an association exists between RHR and MetS, 101 510 participants were screened during [2006] [2007] . Exclusion criteria were those without ECG, without laboratory results necessary for a complete MetS evaluation, with RHR <45 or >105 beats per minute (bpm) and with a history of stroke and myocardial infarction. Of 101 510 participants, 89 860 were eligible for inclusion. In the 4-year follow-up study to assess whether RHR is a predictor for MetS development, besides the above criteria, subjects with MetS at baseline were excluded. Of 66 710 without MetS at baseline, 43 725 were eligible for inclusion. No one reported use of nondihydropyridine calcium channel blocker or digitalis in either study.
Data collection
Data collected included baseline information such as social and demographic factors lifestyle factors and medical history, as previously described. examination and laboratory tests. Weight and height (with outdoor clothing and shoes removed) were measured in an upright position from which body mass index (BMI) was calculated. Systolic blood pressure (SBP) and diastolic blood pressure (DBP) were measured twice on each subject at 2 min intervals with the arm cuff kept at the heart level. Readings were made to the nearest 2 mm Hg and averaged if the difference was ≤5 mm Hg; otherwise, a third measurement was taken and all three readings were averaged. Venous blood was obtained for determination of routine chemistry, including fasting blood glucose (FBG), high density lipoprotein-cholesterol (HDL), total cholesterol and triglycerides (TG). RHR was measured and calculated from ECG recordings after subjects acclimating hospital setting ≥30 min and in supine position ≥5 min.
MetS diagnosis
MetS was diagnosed when a subject fulfilled three or more of the following components: waist circumference ≥90 cm for men or ≥80 for women; TG ≥1.7 mmol/L; HDL <1.03 mmol/ L for men or <1.30 mmol/L for women; SBP/DBP ≥130/ 85 mm Hg or current use of antihypertensive medications; FBG ≥5.6 mmol/L or previously diagnosed type 2 diabetes or current use of hypoglycaemic agents or insulin. 8 
Statistics
Study participants were stratified by RHR. A logistic regression model was used to evaluate the ORs and 95% CIs of having MetS for each RHR stratification with a reference, with adjustment for potential confounders. Tests of linear trend across incremental RHR values were performed by assigning the median value to each RHR category and treating it as a continuous variable. A multiple linear regression model was used to assess the association of RHR with BMI, hypertension, diabetes and hyperlipidaemia. A likelihood ratio test was used to eliminate the potential modifying effect of sex and obesity status (defined as BMI >24 kg/m 2 ). When appropriate, natural log- Cardiac risk factors and prevention transformed values were used. All data were analysed with statistical software SPSS V.13.0 (SPSS Inc, Chicago). A probability (p) value <0.05 was considered statistically significant. All p values are two-sided. Data are reported as mean±SD for general characteristics or mean±SEM for regression analysis.
RESULTS

Cross-sectional investigation
The general characteristics of the population are shown in online supplementary table S1 ), the OR of having MetS increased progressively across the lowest to highest RHR stratification with the ORs of 0.72 (95% CI 0.58 to 0.88), 1 (reference), 1.36 (1.29 to 1.43), 1.76 (1.67 to 1.85), 2.12 (1.99 to 2.27) and 2.30 (2.10 to 2.52) respectively ( p trend <0.0001) after adjustment for age and sex (Model 1). After further adjustment for education, smoking, alcohol drinking and physical activities (Model 2), for BMI, hypertension, diabetes and hyperlipidaemia (Model 3), for inflammatory markers (Model 4) and renal function (Model 5), the ORs remained statistically significant ( p trend-<0.0001). With all adjustments, the OR of having MetS was 1.49 (95% CI 1.32 to 1.69) in subjects with RHR at 95-104 compared with the reference of 55-64 bpm (figure 1). Table 2 shows regression analyses of RHR against other study parameters. In both simple and multiple adjusted linear regression analyses, RHR was positively associated with FBG, TG and DBP after controlling for age and sex (Model 1). After adding additional controls in stepwise from Models 2 to 5, the positive associations remained statistically significant ( p<0.0001). There was a negative association between RHR and HDL, after controlling for BMI, hypertension, diabetes and hyperlipidaemia, for inflammatory markers and for renal function ( p<0.0001). Supplement file shows mean and 95% CI.
Longitudinal investigation
RHR was stratified as same as in the baseline study. Table 4 shows regression analyses of RHR against other study parameters at the end of the follow-up. In both simple and multiple adjusted linear regression analyses, RHR was positively associated with FBG, TG and DBP after controlling for age and sex. Additional stepwise adjustments from Models 2 to 5 did not materially change the positive associations ( p<0.0001). Supplement file shows mean and 95% CI.
DISCUSSION
RHR is intricately regulated by important and complex interactions of multiple mechanisms, including sympathetic and Figure 1 Stratified resting heart rate and OR (95% CI) of having metabolic syndrome in an association study after adjustments (model 1: age and sex; model 2: education, smoking, alcohol drinking and physical activities; model 3: body mass index, hypertension, diabetes and hyperlipidaemia; model 4: C reactive protein; model 5: further adjusted for creatine). parasympathetic nervous system, hormonal system, lifestyle factors and environment. Long recognised as one of the 'vital signs' of clinical medicine, heart rate is frequently obtained but generally unused outside of acute clinical setting. Studies in thermostatic mammals have suggested a correlation between RHR and lifespan. 1 2 Recent human studies have increasingly shown an epidemiological association between higher RHR and all-cause mortality in general population, but a mechanistic explanation remains obscure. 4-7 12 Speculatively, increased oxidative stress or reactive oxygen species, pro-inflammation cytokines, decreased arterial wall compliance and distensibility, and telomere shortening have all been proposed as mechanisms to link higher RHR to shortened longevity. 2 13 The present study add to the existing body of knowledge in elucidating the pathophysiological role of increased RHR in mortality. Our finding that RHR is associated with existing MetS is consistent with previous studies showing that blood pressure and serum glucose were already adversely influenced by higher RHR, 14 15 as well as a handful of smaller scale, cross-sectional studies showing that MetS was associated with higher RHR. [16] [17] [18] More importantly, however, the present result shows that RHR is also a powerful predictor for future incidence of MetS. An increased incidence of MetS serves well as a link between increased RHR and increased cardiovascular and all-cause mortality, because the clinical risks of MetS are well recognised. In a recent systematic review and meta-analysis of 87 studies (951 083 patients), Table 3 Characteristics of the subjects (initially without metabolic syndrome) after 4-year follow-up according to resting heart rate (RHR) individuals with MetS had >2-fold increased risk of cardiovascular disease, cardiovascular mortality and stroke compared with those without. 19 Additionally, in those with MetS the relative risk of developing type 2 diabetes was >5-fold higher, 20 and the mortality risk from coronary disease was >3-fold higher. 21 Taken together, it becomes clear that MetS plays a role, at least in part, in the translation of higher RHR into increased mortality risk. This raises new and intriguing implications about the importance of RHR in clinical evaluation and prognostic calculations.
MetS is conventionally managed by both pharmacological and non-pharmacological (ie, lifestyle) approaches, targeting specific core disorders such as obesity, hypertension and hyperlipidaemia. In current clinical practice, however, with the exception of emergency and critical care and situations of symptomatic tachycardia, bradycardia or specific arrhythmias, RHR alone is generally not an intervention target. Unless the patient becomes symptomatic, it is largely neglected that, for example when treating hypertension, direct vasodilators may increase RHR through baroreceptor reflexes, β-blockers and non-dihydropyridine calcium channel antagonists may decrease RHR by blocking β-adrenergic mediated cyclic adenosine monophosphate (cAMP) production or by blocking the inward current of calcium during myocardial pacemaker cells depolarisation. 2 22 In terms of non-pharmacological therapies, lifestyle modifications are irreplaceable for general health and wellbeing, for example, aerobatic exercise effectively lowers RHR by augmenting parasympathetic tone and improving endothelial function, with better blood pressure, body weight and blood lipid profile. 2 23 Supplementation of ω-3 fatty acids (ie, eicosapentaenoic acid or EPA and docosahexaenoic acid or DHA)) slows RHR as well. 24 25 Since each component of MetS, including obesity, hyperlipidaemia, hypertension and glucose intolerance, is established as an independent risk factor for cardiovascular morbidity and mortality, appropriate clinical practice seeks comprehensive management of all modifiable risk factors. In the present study, after all adjustments for other variables, RHR emerges as an independent risk factor for MetS and a predictor of MetS incidence. Given these facts, it is now reasonable to ask whether RHR alone should become a new target of clinical intervention, just as other risk factors like hyperlipidaemia and hypertension. In this regard, several pressing areas of future research are looked for: whether different responses in RHR occurring as sideeffects from existing MetS clinical interventions result in different clinical outcomes; and whether deliberate targeting of RHR as a clinical intervention results in different outcomes in clinic patients or even in healthy, asymptomatic individuals. Funny channel inhibitors may help in such a testing because its bradycardic effect accompanies less haemodynamic and hormonal alterations; 26 and whether revision of clinical definition of tachycardia needs is needed. As has been the case with blood pressure and lipid profiles, advances in medical knowledge have led to continued and frequent revisions of what constitutes a 'healthy' or 'goal' value. In light of the increasing significance of heart rate, the 2013 European Society of Hypertension/ European Society of Cardiology guidelines for the management of arterial hypertension have already emphasised that blood pressure measurement should always be with the measurement of heart rate. 27 Given the predictive power of RHR for cardiovascular and metabolic burden, as well as the fact that RHR measurement is convenient, fast and virtually cost-free (eg, pulse rate by palpation), the increasing importance of RHR in evaluating the impact of interventional therapy and in medical decision-making cannot be understated.
There are some strengths in the present study: To our knowledge, this is the first large scale investigation in the field. The sample size in the present study allowed us to make adjustments for a number of potential confounding variables. The 4-year follow-up of participants without MetS at baseline is also the first to investigate RHR as a predictor of MetS incidence, rather than merely an associated variable. In our study, RHR was Figure 2 Stratified resting heart rate and OR (95% CI) of developing metabolic syndrome (MetS) in 4 years in those without MetS in a longitudinal follow-up study (see figure 1 for adjustment details) . Table 4 Adjusted regression coefficient of resting heart rate with cardiovascular and metabolic related parameters after 4-year follow-up derived from ECG, enabling a precise RHR measurement. The limitation of the study includes is that despite large sample size, the cohort is vocational and with an unbalanced sex ratio, which may limit the extrapolation of the results to more general population. Future randomised controlled studies are needed as already noted in the Discussion section. Also, while statistical analyses can adjust for known confounding variables, only randomisation can account for potentially unknown or unmeasured confounding variables.
CONCLUSIONS
The present study provides evidence that higher RHR is an independent risk factor for existing MetS and for impending incidence of MetS in those without MetS at baseline. The relationship between RHR and MetS materialises a mechanism by which RHR increases the risk of cardiovascular and all-cause mortality. From a clinical perspective, RHR becomes an increasingly important element in making therapeutic decisions and evaluating the outcomes, and may emerge as an additional and independent interventional target even in healthy, asymptomatic individuals. The present study raises intriguing questions about the conventional definition of 'normal/physiological' range of RHR. From a research perspective, future studies are needed to investigate the effects of deliberately targeting RHR on MetS and other outcomes. From a public health perspective, RHR measurement constitutes a simple and inexpensive approach to monitor general cardiovascular and metabolic health in population.
Key messages
What is already known on this subject? ▸ Resting heart rate (RHR) has emerged as a new risk factor that inversely correlates with lifespan in humans. ▸ The mechanisms by which higher RHR increases cardiovascular and all-cause mortality remain obscure.
What might this study add? ▸ There is a strong and positive association between RHR and metabolic syndrome (MetS) in a large cohort cross-sectionally. ▸ Moreover, in those without MetS, higher RHR predicts higher incidence of MetS longitudinally. ▸ The relationship between RHR and MetS is likely one of the mechanisms by which RHR increases the risk of cardiovascular and all-cause mortality.
How might this impact on clinical practice? ▸ From a cardiovascular and metabolic perspective, the significance of RHR in making therapeutic decisions and evaluating the outcomes cannot be overlooked. ▸ From a public health perspective, RHR measurement constitutes a simple and inexpensive approach in monitoring cardiovascular and metabolic health (or risks) in the population.
